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NONLINEAR SITE RESPONSE ANALYSIS IN THE
NEW MADRID SEISMIC ZONE
Wei Zheng & Ronaldo Luna
University of Missouri – Rolla
Rolla, Missouri 65401 - USA

ABSTRACT
Deep alluvial soil deposit of the Mississippi Embayment overlies the New Madrid Seismic Zone. A new nonlinear site response
analysis model has been developed for wave propagation in deep soil deposits. The shape of the backbone curve of the model is
described by the empirical unified formulas. Extended Masing criteria are used to represent hysteretic loading and unloading of
soils. The new model takes into account the influence of the effective confining pressure on the shear modulus degradation and
the viscous damping development in soil. The model is implemented into a two-dimensional finite element code in the time
domain and calibrated with the recorded motion at Treasure Island during Loma Prieta Earthquake (1989). Results show that this
model provides an acceptable outcome with simple input parameters. Finally, the new model is implemented into the site
response analysis at a Missouri highway bridge site. The results show that the influence of the confining pressure is significant
for the site response analysis of deep soil sediments.
INTRODUCTION

SITE RESPONSE ANALYSIS FOR DEEP DEPOSITS

The New Madrid Seismic Zone (NMSZ) has experienced
some of the largest magnitude (estimated 8.0 - 8.3) earthquake
events in North American history (1811 - 1812). Experts
agree that similar or greater magnitude earthquakes will strike
this region again. Due to the geological structure of the
NMSZ, which has very old rock formed 500 million years
ago, deep alluvial soils (up to 1000m) are widespread within
the Mississippi Embayment. These may amplify the seismic
wave transmitted from rock to ground surface in a unique way
which may lead to extensive damage. Understanding the
effect of high confining pressure on the propagation of
seismic waves in the NMSZ is important for site response
analysis in the region. However, data on the seismicity and
earthquake hazards in the NMSZ has just been collected over
the past 20 years and no strong motion has been recorded.
Numerical models can aid in the understanding of wave
propagation characteristics of the NMSZ. This paper describes
a two-dimensional finite element soil model in a cyclic
nonlinear approach. The model takes into account the
influence of very high confining pressure encountered in the
NMSZ to the shear modulus degradation curve and the
viscous damping curve. The wave propagation equations are
solved in discrete time increments in the time domain. The
model is verified through a case study to analyze the recorded
motion at Treasure Island during 1989 Loma Prieta
Earthquake. The result from this model is compared with
recorded motion and also that from SHAKE [1]. The new
model is then applied to the site response analysis at a
Missouri highway bridge site, located on the New Madrid rift
complex.

The stress-strain relationship in soil is quite nonlinear under
cyclic loading. Even at small shear strain (10-4) level, soils
show shear modulus reduction. At the same time, the material
damping is developed and increases with the cyclic shear
strain. Numerous researchers ([2]~[4]) have performed the
characterization of shear modulus degradation and damping
curves for many soil types and provide an very valuable
database for dynamic analyses. Based on the experimental
data from 16 publications encompassing normally and
overconsolidated clays (OCR=1 to 15), as well as sands,
Vucetic and Dobry [4] summarized that the plasticity index
(PI) is the main factor to control these relationships. However,
Ishibashi [5] pointed out that the method of Vucetic and
Dobry did not include one significant parameter, the effective
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mean normal stress

σ 0' ,

particularly for soils of low

plasticity. Fig. 1 shows that increase in G/Gmax for the same
level of strain at different mean normal stress for sands. At
higher level of

σ 0' , the material shows less degradation and

will tend to propagate the ground motion with less energy
dissipation. The effective mean normal stress can be a
significant factor that influences wave propagation through
the deep soil deposits in the NMSZ.

1

and displacement vectors and P (t ) is the load vector, which
for base excitation can be written as:

P (t ) = −[ M ]{I }u&&g (t )
where,

(2)

{I } is the identity vector and u&&g (t ) is the input base

acceleration time history. The [M ] , [C ] and [K ] matrices
are assembled using an incremental approach and are updated
at every time step. The direct integration method – Newmark
method [14] is used to solve Eq. (1).

Fig. 1: Influence of Mean Effective Confining Pressure on
Modulus Reduction Curves for Sand [5]
The effect of confining pressure on the dynamic soil
properties, the shear modulus and damping, has been
recognized by other researchers (e.g. [6]~[8]). However, the
traditional site response computer programs, such as SHAKE
[1] and DESRA-2 [9], haven’t considered the influence of the
confining pressure on modulus/damping relationships. When
applying those programs to a deep soil column, they
significantly underestimate the resulting ground response at
the ground surface ([10], [11]). Hashash and Park [10]
presented a new soil model DEEPSOIL to consider the
influence of the confining pressure to strain dependent
modulus degradation and damping of soils. The model was
developed by introducing several new parameters to the
hyperbolic model D-MOD [12] and calibrated using measured
shear modulus degradation and damping data from resonant
column tests on sand samples under confining pressure up to
3.5 Mpa. However, the physical meaning of the new
parameters are complex and difficult to be determined in the
field or laboratory. On the other hand, the program SHAKE
has been recently modified by Kramer [13] in its commercial
version PROSHAKE to include the effects of confinement.
NONLINEAR SOIL MODEL
Generally, real seismic waves generated from an
earthquake are propagated in a three-dimensional continuous
medium. However, modeling the nonlinear soil behavior as
well as the three-dimensional wave propagation is extremely
difficult and computationally intensive. In most situations the
main response in the soil deposit can be adequately
approximated with one or two-dimensional vertical
propagation of shear waves.
This paper proposes a nonlinear two-dimensional soil
model in the time domain. In this approach, equations of
motion and equilibrium are solved in discrete time increments,
which represents the nonlinear behavior of soil under the
earthquake loading. The analysis of dynamic site response
requires solving the global dynamic equation of motion given
by the following equation in matrix form:

[ M ]{u&&} + [C ]{u&} + [ K ]{u} = P (t )

(1)

The dynamic soil properties – the shear modulus and the
damping ratio are obtained from the published unified
formulas obtained by fitting the experimental curves [15]. The
formulas take into account the effect of the effective confining
pressure, the plasticity index of the soil and the shear strain
level to the shear modulus degradation curve and the damping
ratio curve, which can be expressed in the following form:

G / Gmax = K (γ , PI )(σ 0' ) m (γ , PI )
where, Gmax is the initial shear modulus;

(3)

γ

is the shear strain;

G is the shear modulus at the shear strain γ ; PI is the

plasticity index of the soil;

σ 0'

is the mean effective

confining pressure. Based on the plasticity index, K and m
are two functions used to control the shape of the shear
modulus degradation curve, which can be written as:

  0.000101 + n( PI )  0.492  

K (γ , PI ) = 0.51 + tanh ln

γ
 
 



  0.000556  0.4  
1 .3
  e ( −0.0145 PI )
m(γ , PI ) = 0.2721 − tanh ln
γ
 
  


(4)

(5)

where, n is a coefficient to consider the influence of the
plasticity index to the degradation curve, which can be
determined:
0.0

3.37 × 10 −6 PI 1.404

n( PI ) = 
−7
1.976
 7.0 × 10 PI
 2.7 × 10 −5 PI 1.115

PI = 0


for 0 < PI ≤ 15 

for 15 < PI ≤ 70
for PI > 70 
for

(6)

The shear modulus degradation curve presented from Eq.
(3)~(6) can be described as the backbone curve in stress-strain
field. An example is shown in Fig. 2. Fig. 2(a) shows the
modulus degradation curve for sand at the confining pressure

σ 0'

equal to 100 kpa. Fig. 2(b) shows the corresponding

backbone curve when the maximum shear modulus Gmax is
20 Mpa. The backbone curve from the unified formulas is also
compared with that from the hyperbolic model in Fig. 2(b).
The hyperbolic stress-strain relationship was initially
formulated by Konder and Zelasko [16] and can be expressed
below:

where [M ] , [C ] and [K ] are the global mass, damping and
stiffness matrices for assemblage of elements, respectively;
{u&&} , {u&} and {u} are the relative nodal acceleration, velocity
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τ=

Gmax γ
G
1 + max γ

(3) ~(6) to calculate the shear modulus ratio
G / Gmax for the unloading and reloading behavior.

(7)

•

τ max

where,

τ

is the shear stress at strain amplitude

γ

; and

τ max is the

maximum shear stress that can be applied to the sand in its initial
state without failure.

If an unloading or reloading curve exceeds the
maximum past strain and intersects the backbone
curve, it follows the backbone curve until the next
reversal.
τ
τr

G/Gmax

1.0

0.8

σ 0′ = 100kPa

γr

0.6

γ
0.4

0.2

0.0
1.00E-06

1.00E-05

1.00E-04

1.00E-03

1.00E-02

Fig. 3: Extended Masing Rules for Cyclic
Stress-Strain Behavior [18]
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Strain
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20

τmax (kPa)

max

(a)
25

Damping of soil in seismic loading can be computed based on
the shear modulus ratio G / G max . Ishibashi and Zhang [15]
also developed an empirical expression Eq. (9) for calculating
the damping ratio λ of plastic and non-plastic soils. For the
unloading or reloading, the modulus ratio G / Gmax is

15

calculated by the strain (γ − γ r ) /2.

10
Empirical

5

λ=

Hyperbolic

0
0

0.005

Strain

0.01

Fig. 2: (a) Modulus Degradation Curve for Sand
(b) Corresponding Backbone Curve
The extended Masing criteria [17] are used to govern the
unloading-reloading behavior of soil. The detail of the rules
are described below (shown in Fig. 3):
• For initial loading, the stress-strain curve follows the
backbone curve described above.
• If a stress reversal occurs at a point defined by
(γ r ,τ r ) , the reloading or unloading stress-strain
curve follows a path given by

γ −γ r
2

)

(8)

where, f represents the function for describing the
backbone curve. Basically, the unloading and
reloading curves have the same shape as the
backbone curve (with the origin shifted to the loading
reversal point), but are enlarged by a factor of 2. For
this model, (γ − γ r ) /2 is used to replace γ in Eq.
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(9)

Even though the expression of the equations is complex, only
the initial shear modulus Gmax and the plastic index PI are

(b)

(τ − τ r ) / 2 = f (

2
1.3
 G 
 G  
0.333(1 + e − 0.0145 PI ) 
 − 1.547
 + 1
0.586
2
G

 max 
 Gmax  

needed for the input soil properties. The soil properties are
also assumed as homogenous in two dimensions. The element
shear modulus and the damping ratio are determined by the
shear strain of the element at each time step. The constitutive
laws presented above are implemented in a two-dimensional
finite element code. The computer code was built from the
software framework developed at the Open System for
Earthquake
Engineering
Simulation
(OPENSEES,
http://opensees.berkeley.edu/).
The
constitutive
laws
presented above are implemented into a 2-dimensional 4-node
plane strain element. This element was coded by C++
language and added into the system of Open System for
Earthquake Engineering Simulation (OpenSees). OpenSees
was developed by PEER (2000) as a software framework to
create models and analysis methods to simulate structural and
geotechnical systems in earthquake loading. The soil
properties for the model are assumed as homogenous in two
dimensions. The element shear modulus and the damping
ratio are determined by the shear strain of the element at each
time step. An iterative process in each increment is performed
until the shear modulus and the damping ratio are compatible
with the shear strain level. Even though the expression of the

3

properties.
VALIDATION OF THE SOIL MODEL
A case study was used to analyze the ground response of
the Treasure Island (TRI) site for the 1989 Loma Prieta
earthquake along the San Andreas faults in the Santa Cruz
Area (Ms=7.1). The earthquake records were obtained at
ground surface on fill material underlain by San Francisco
Bay sediments and at the rock outcrop of adjacent Yerba
Buena Island (YBI), which is located approximately 2 km
south of the TRI. Both islands are located in the center of the
San Francisco Bay, approximately 70~75 km northwest of the
epicenter. Since the locations of TRI and YBI are close by, it
is reasonable to assume that the YBI and TRI records are
representative of the same geological location. The records in
YBI can be assumed as the motions at rock base and those in
TRI are the motions at ground surface. The peak ground
acceleration (PGA) of the strong motion records ranged from
0.067g at the rock outcrop to 0.16g at the soil surface (90°
component) and from 0.029g at the rock outcrop to 0.1g at the
soil surface (00° component).
The soil profile at the Treasure Island site consists of about
13m sandy fill, which is underlain by about 16 m thick of
Young Bay Mud. Underlying the Young Bay Mud are
alternating layers of dense sand and Old Bay Mud to a depth
of about 89 m. Weathered shale extends from this depth to
about 98 m, where the more competent sandstone is
encountered (Fig. 4). The measured and estimated soil
properties are based on Matasovic’s work [12].

Both the 90° and 00° component recorded motions at Yerba
Buena Island are used as the input motion at the base of the
soil column. The calculated surface motions are compared
with the recorded motion obtained at Treasure Island surface
and also compared with the surface motion calculated using
SHAKE [20]. The comparisons are shown as plots in 5%
damping response spectra analysis (Fig. 5).
The comparisons in Fig. 5 show that the new soil model
provides a good prediction of the acceleration spectrum. For
the 90° component, the result of the new model catches the
whole response spectrum very well except underestimating
the value at the predominant area, and gives a better
prediction when compared to SHAKE. For the 00°
component, even though there is a small shift on the peak
values, the new model provides better overall results when
compared to SHAKE.

0.8

5% Damping

Spectrum Amplitude (g)

equations above is complex, only the initial shear modulus
Gmax and the plastic index PI are needed for the input soil

0.6

0.4

0.2

0.0
0.0

0.1

1.0

Period (s)

10.0

(a)
0.8

Spectrum Amplitude (g)

5% Damping

0.6

0.4

0.2

0.0
0.0

0.1

1.0

Period (s)

10.0

(b)
Recorded Input at Rock (YBI)
Recorded at Surface (TRI)
Computed at Surface (SHAKE)
Computed at Surface (New Model)

Fig. 5: Comparisons of Recorded Motions at Treasure Island
with Computed Response Spectra (a) the 90° Component (b)
the 00° Component
Fig. 4: Soil Profile and Shear Wave Velocity Measured at
Treasure Island by USGS [19]

APPLICATION IN THE NMSZ
This soil model is applied to the site response analysis at an I55 highway bridge site near Hayti, Missouri, located in
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southeastern Missouri in the NMSZ associated with the New
Madrid rift complex. Based on the logs of the New Madrid
test well 1-X [21], which is 25 km away to the study site. The
thickness of the sediment at the study site is estimated at about
600 m.
The shallow shear wave velocity (Vs) profile used was based
on cross-hole geophysical testing data measured (max. depth
of 50 meters) at the study site [22]. One of the challenges in
ground response analyses of deep soil sites is to directly
measure the Vs at greater depths. Soil extends to depths of
about 600 meters at this site, which make it practically
impossible to obtain direct measurements. For the Hayti site,
the portion of the Vs profile deeper than 50 meters was
adopted from the work by Romero et al. [23], where several
deep wells in the Mississippi Embayment area (near
Memphis) were compiled. The composite Vs profile used in
the ground response analysis is shown in Fig. 6.

soil profile. Those curves are usually obtained at low
confining pressure (100~200 kpa). Therefore, this analysis
represents the simulation without considering the effect of the
confining pressure. In the second case – SHAKE2, the
modulus degradation curve sand the damping curves are
calculated by Eq. (3) and Eq. (9) based on the location of the
soil layer. The effect of the confining pressure on the site
response analysis is considered in this analysis. The
comparison of these three analyses is presented in Table I and
Fig. 7.
Table I: COMPARISON OF PGA

Motions

PGA (g)

Synthetic Input Motion

0.148

Computed at Surface (New Model)

0.259

Computed at Surface (SHAKE1)

0.133

Computed at Surface (SHAKE2)

0.374

Shear Wave Velocity (m /s)
0

200

400

600

800

1000

0

1.2

5% Damping

Spectrum Acceleration (g)

1.0

100

Depth (m)

200

300

0.8

0.6

0.4

0.2

0.0
0.01

400

0.1

Period (s)

1

10

Synthetic Input Motion
500

Computed at Surface (New Model)
Computed at Surface (SHAKE1)
Computed at Surface (SHAKE2)

600

Fig. 6: Vs Profile Used in the Analysis
Due to lack of the strong motion records in the NMSZ,
the composite source model program [24] was used to develop
the synthetic ground motions at the study site. This composite
source model is a three dimensional model of the fault system
and has been developed at the University of Missouri-Rolla in
the study of near fault effects. It takes into account near field
effects that are not possible with other point source models,
such as, directivity, near fault, and fling effect. The composite
source model computes the input rock motion at the rock
surface, which is about 600 meters below the soil ground
surface [25]. The synthetic ground motion with a magnitude
6.5 and PGA 0.148g was chosen as the input motion at the
rock base. The site response analysis was performed using
both the new soil model and SHAKE program for comparison.
Fig. 7 shows the spectra with the different degrees of
amplification around the 1.5 sec. period. Two different cases
were studied using SHAKE. In the first case, SHAKE1,
Vucetic and Dobry’s modulus degradation curves and
damping curves in SHAKE’s database are used for the whole
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Fig. 7: Comparison of the Computed Response Spectra
As shown in Table I and Fig. 7, the result from SHAKE1
tends to deamplify the input motion, especially for high
frequency response. However, the results from SHAKE2 and
the new model show significant amplification for the input
motion. Fig. 8 shows three soil response profiles - the
maximum shear strain versus depth, the minimum G/Gmax
versus depth and the maximum damping versus depth in the
analysis. From the maximum shear strain versus depth profile
(Fig. 8(a)), it shows that the maximum shear strains of soil
elements below 100m are less than 4×10-4. The confining
pressure is at least 1000 kpa below this depth. Based on Fig.
1, the sandy soil at this strain level doesn’t show much
modulus degradation and is still in elastic range (Fig. 8(b))
and small damping is used in the analysis (Fig. 8(c)).
However, when the experimental curves, such as Vucetic and
Dobry’s curves, are used, the soils at this strain level still
have large modulus degradation and corresponding larger
damping is used in the analysis. Therefore, ignoring the
influence of confining pressure on site response analysis will
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Fig. 8: Soil Response Profiles (a) Max. Shear Strain vs. Depth
(b) Min. G/Gmax vs. Depth (c) Max. Damping vs. Depth

CONCLUSIONS
A new nonlinear soil model is presented in this paper. The
shape of the backbone curve of the model is described by the
empirical unified formulas. Extended Masing criteria are used
to represent hysteretic loading and unloading of soils. The
constitutive laws are implemented in a finite element code as
two-dimensional plane strain elements in the time domain,
which can also be incorporated into soil-structure interaction
analysis.
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Displacement (m)

0.3
0.2
0.1
0.0

0

30

60

Time (s)

90

(a)
0.3
Displacement (m)

significantly underestimate the ground response in deep soil
sites. Fig. 8(a) also shows that large strain - more than 10-3
strain was induced at the near surface soils (<60m depth).
These shallow soils consist of silts, sands and low plastic soil
that have high potential for liquefaction. Therefore, the
surface soil may liquefy in the analyses. More damping may
be involved in the site response analysis in the process of
excess pore water pressure generation and large strain. This
effect should be incorporated in the soil model in future work.
The study site is located in the New Madrid rift complex
at 10.9 km away from the faults. The rock motions generated
at this site have significant near field components. For the
chosen motion, the displacement time history is given in Fig.
9(a). It shows an apparent pulse followed by 0.1m fling.
However, the near field effect is not significant at the surface
motion. After wave propagation through the 600m soil
column, the fling effect is not present in the displacement time
history and the pulse is not significant, as seen in Fig. 9(b).
These preliminary findings are in agreement with the lack of
evidence of surface ground rupture due to previous
earthquakes in the NMSZ.

0.2
0.1
0.0
-0.1 0
-0.2

30

60

90
Time (s)

-0.3

(b)
Fig. 9: Displacement Time History (a) Input Motion
(b) Surface Motion

The case study showed that the new model has the capability
to provide reasonable results when compared to field
observations of a well documented soil profile in California,
Treasure Island. The particular advantage of this soil model is
the use of simple soil properties as input: the initial shear
modulus and the plasticity index. The new soil model is used
on a deep soil site response study at an I-55 highway bridge
site near the NMSZ. The response spectra for the deep soil
site resulted in an increased amplitude for periods around 0.5
sec and greater, which correspond to those for bridge
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structures. The results from this study show the importance of
the influence of the confining pressure on the seismic site
response analysis of deep soil sites.
For the influence of the confining pressure on wave
propagation in the deep soil deposit, the ground motion data
from the NMSZ are needed to improve the model calibration
in future work. A pore water pressure generation model
should be coupled in the model to consider the potential
liquefaction at the surface soil of the NMSZ. Preliminary
results of the near field effects are presented in this paper. The
results show that for a magnitude 6.5 earthquake the near field
ground motion characteristics are not significant at the surface
once the wave has propagated through the deep soil deposits.
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